Introduction
[2] Aerosols affect climate directly by interaction with solar and terrestrial radiation and indirectly by their effect on cloud microphysics, albedo and precipitation as cloud condensation nuclei [Intergovernmental Panel on Climate Change (IPCC), 1992 . Tropospheric aerosol forcing is comparable to global net cloud forcing of approximately À1 Wm À2 [Charlson and Heintzenberg, 1995] . However, on regional scales the mean direct radiative forcing by aerosols can be as large as À10 Wm À2 as was reported for mineral dust over ocean [Tegen et al., 1996] . Anthropogenic changes of the global aerosol distribution may enhance greenhouse warming [Jacobson, 2001] . The net effect of aerosol radiative forcing depends strongly upon the aerosol composition. Current understanding of aerosol impact is beginning to extend beyond the sulfate aerosol that has been used as the sole aerosol component in climate models up to now. It is recognized that smoke aerosol and mineral dust are equally important and may regionally enhance greenhouse warming [Andreae, 2001] . For a review of aerosol impact on climate, see Charlson and Heintzenberg [1995] .
[3] Due to the aerosol variability and its influence on radiative transfer, a quantitative analysis of land and ocean surface observations is often hampered by remote sensing without atmospheric correction of the aerosol impact [Vermote et al., 1997] . Additional upcoming applications for aerosol measurements from satellites include: health monitoring of particulate matter, accurate assessment of surface UV irradiance and the derivation of direct and diffuse surface irradiance for solar energy applications, and calculation of the photosynthetically active radiation which determines carbon uptake in vegetation.
[4] Currently, several aerosol monitoring schemes using earth observation are available, but each of them has deficiencies in delivering operationally aerosol optical thickness and type over land and ocean. Therefore a new aerosol retrieval method SYNAER (Synergetic Aerosol Retrieval) was developed, which delivers boundary layer optical thickness (BLAOT) and the aerosol type both over land and ocean, as outlined in part 1 of this paper [HolzerPopp et al., 2002] .
[5] It uses simultaneous data of the Along Track Scanning Radiometer (ATSR-2) and the spectrometer Global Ozone Monitoring Experiment (GOME), both onboard the ERS-2 satellite. ATSR-2 measures earth reflected radiances in 5 spectral bands centered at 0.55, 0.67, 0.87, 1.6, 3.7 mm with bandwidths of 25 to 66 nm and brightness temperatures in 2 thermal channels at 11 and 12 mm. All observations are taken under two viewing angels (nadir and 52°f orward) with a ground resolution of approximately 1.1 km 2 . GOME observes near-nadir reflection from the Earth in the range from 240 to 790 nm with a spectral resolution of 0.2 nm to 0.4 nm and a pixel size of either 320 Â 40 km 2 or 80 Â 40 km 2 .
[6] Especially for validation of new satellite instruments, the ground-based radiometer network AERONET has been established [Holben et al., 1998 [Holben et al., , 2001 . From sun and sky scanning measurements at 440, 670, 870, 940, and 1020 nm, aerosol optical thickness, size distribution and water vapor column are derived and can easily be obtained via the World Wide Web (http://aeronet.gsfc.nasa.gov:8080).
[7] In part 1 [Holzer- Popp et al., 2002] a detailed description of the methodology and its underlying assumptions is given. This part II contains a short overview over SYNAER in section 2. In sections 3 and 4 a first application and a case study validation based on AERONET measurements and LIDAR measurements from one airborne campaign are presented. Section 5 summarizes and discusses the validation results and the application potential of this method.
Retrieval Method
[8] Aerosol parameters are retrieved with the new method SYNAER (Synergetic Aerosol Retrieval) [Popp et al., 1997; Holzer-Popp et al., 1998 , 2000a , 2000b , 2002 Holzer-Popp and Schroedter, 1999 ] from a combination of simultaneous ATSR-2 and GOME measurements. The high spectral resolution of GOME ideally supplements the high spatial resolution of ATSR-2. In this method cloud detection is first performed for all ATSR-2 pixels. Second, dark fields (dark vegetation, water bodies) are selected automatically from the data itself in the 1.6 mm and 3.7 mm channels and from the Normalized Difference Vegetation Index (NDVI) calculated with the 670 and 870 nm channels. Then boundary layer aerosol optical thickness (BLAOT) values at 670 nm (over land) and 870 nm (over ocean) are derived for these dark ATSR-2 nadir pixels for which the surface albedo can be estimated with good accuracy. BLAOT values over the irregularly distributed dark fields are interpolated to all cloud free ATSR-2 pixels with a distance-weighting scheme. Using the atmospheric correction scheme EXACT [Popp, 1995] , which has been validated using Landsat-TM and NOAA-AVHRR data, the surface albedo values for the 3 wavelengths 560 nm, 670 nm and 870 nm are obtained for all cloud free pixels. The ATSR-2 derived parameters are coregistered to GOME pixels and interpolated spatially. BLAOT and surface albedo calculation is repeated for 40 different aerosol mixtures that are defined by external mixing of six basic aerosol components. Using the ATSR-2 calculated values of optical thickness and surface albedo, GOME surface and consecutively top-of-the-atmosphere spectra for the same set of different mixtures are simulated at 10 selected wavelengths. The measured GOME spectra are corrected for cloud and ozone influence. A least square fit of the simulated to the measured GOME spectrum selects the most plausible type of aerosol and its corresponding BLAOT value at the reference wavelength of 550 nm in a GOME pixel. Finally, a quality control and an ambiguity test are applied by comparing the fit error with deviations between different mixtures.
Example Result
[9] Figure 1 shows the SYNAER results for a 3-day data set of GOME and ATSR-2 over Europe on 1 -3 September 1995. Retrieved boundary layer aerosol optical thickness at 550 nm (BLAOT550) is seen in the upper part, and the retrieved percentage contributions of six basic aerosol components (depicted as percentage of the pixel area) are shown in the bottom. Cloud-covered GOME pixels (above 50% fraction) are excluded, as are pixels that failed the quality control. The ambiguity test was not applied here. In the case of the aerosol type map this ambiguity test would reject a large number of pixels when simulated spectra of different types accurately fit the measured spectrum but differ too little to decide which is the best in the limit of the observation accuracy. But it seems that despite this, the retrieved result is plausible. Therefore the ambiguity test shall be further investigated with larger amounts of validation observations.
[10] It can be seen that the retrieved boundary layer aerosol optical thickness shows several well-known features: The highest BLAOT values occur in the Po basin and in some industrial or densely populated areas in Germany, France, Spain and Greece and low values are found over oceans, in high mountain areas and in Russia. At land/ocean boundaries BLAOT values show no significant steps. The selected aerosol mixtures show the water-soluble aerosol component as a general background (which is due to the definition of the 40 mixtures). Soot contributions can be seen especially in Central Europe and in Russia. Transported minerals occur over the western Mediterranean and in Turkey. Sea salt can be seen over oceans and in some locations inland and occurs only in the accumulation mode (the coarse mode has a rather short lifetime). It seems that the retrieval prefers soot and transported minerals to the larger insoluble particles (all of which are significantly absorbing), which could be due to the fact that GOME reflectances are 2 -4% lower than corresponding ATSR-2 values and thus the stronger absorbing and less scattering smaller particles yield better simulations. Evidently some individual pixel results are doubtful. The type retrieval should be taken cautiously in pixels with low BLAOT AAC X -2 (e.g., in Scandinavia) due to the low signal sensitivity in these cases. Also fine differentiations (of 5% in large particle components, and 10% in the others) cannot be separated. However, for getting an overview of significant occurrences of different aerosol mixtures in larger areas of 5°Â 5°grid cells the type retrieval map looks promising.
[11] High spatial resolution of aerosol optical thickness is needed for applications such as air quality studies. Using the GOME-retrieved aerosol type in each ATSR-2 frame of 512 Â 512 pixels, a high-resolution aerosol map from the 1 -3 September 1995 data set was derived [Holzer-Popp et al., 2000a] and is shown in Figure 2 . Here, totally and partly Figure 1 . SYNAER 3-day map over Europe for 1 -3 September 1995. Retrieved boundary layer optical thickness at 550 nm is shown in the upper part ranging from 0.03 to 0.55. Retrieved percentage contributions of six basic aerosol components (depicted as percentage of the pixel area) are shown in the bottom (IN, insoluble; WA, water-soluble; SO, soot; SA, sea salt accumulation mode; SC, sea salt coarse mode; MT, mineral transported). Cloud-covered GOME pixels above 50% cloud fraction are excluded. Pixels with large fit errors were excluded from both maps by the quality check. The ambiguity test was not applied. See color version of this figure at back of this issue.
cloudy ATSR-2 pixels are masked in white. Interesting features are local maxima of aerosol optical thickness in urban areas such as Paris, northern Italy, west of Madrid, and near Thessaloniki. Lower values over the Alpes and the Pyrenees occur as expected. Around Denmark a band of higher optical thickness occurs, however, that might be due to cloud detection errors and this will require further investigation. As a weakness, stepwise transitions between ATSR-2 frames can be seen. This is due to two reasons. First, the exploited GOME scan mode (of the commissioning phase) has a swath width of 240 km and does not cover the whole ATSR-2 frame. Therefore the most frequent aerosol type of all GOME pixels inside an ATSR-2 frame was chosen. Using this frame-specific aerosol type AOT was calculated for each frame separately. Second, the dark field selection is handled in a framewise manner (512 Â 512 km 2 ) and therefore border effects might contribute to these edges. In the future application of SYNAER to SCIA-MACHY and AATSR, this difficulty will be overcome because the measurements from both sensors will cover the same swath width of 512 km and AATSR data will be delivered orbitwise.
Case Study Validation
[12] For the first case studies, ground-based measurements taken by the AERONET stations were used. The objective of AERONET is to monitor aerosols by groundbased measurements and it was especially designed for the validation needed for satellites such as ENVISAT, TERRA and ADEOS-2. The measurements are processed in near real-time, archived and made available to the public by NASA http://aeronet.gsfc.nasa.gov:8080). AERONET provides spectral aerosol optical thickness, aerosol size distributions and water vapor column taken since 1993 using automatic sun-sky scanning spectral radiometers at approximately 50 ground stations worldwide.
[13] So far, about 2500 GOME pixels were analyzed with SYNAER, but only 66 pixels include ground stations inside the pixel boundaries. Criteria for validation pixels are (1) cloud free ground-based measurements, (2) less than 50% cloud coverage inside the GOME pixel, and (3) a maximum of 15 minutes difference between ground measurement and satellite overpass. These criteria left 29 pixels with corresponding ground measurements of spectral aerosol optical thickness values so far. Ground measurements of size distributions are not available for these pixels.
[14] From these 29 pixels another 15 cases were excluded for the following reasons: altitudes above 1.5 km (6 cases), noisy GOME spectra (3 cases), or very bright surfaces (2 cases). Another exclusion was made when dark fields were situated in valleys but the sun photometer station was positioned at an elevated location. In 3 cases the AERONET station was at the edge of a turbid area that covered much of Figure 2 . High-resolution aerosol map over Europe. Aerosol optical thickness at 550 nm for all daytime ATSR-2 frames acquired over Europe during the period 1 -3 September 1995 (corresponding to the simultaneously measured GOME pixels in Figure 1 ) with a 1 km horizontal resolution. This result was achieved as post-processing of the SYNAER result based on GOME and ATSR-2 data shown in Figure 1 . Cloud-covered pixels are left blank. Gaps between the 512 km swath of the ATSR-2 instrument are also left blank. Aerosol optical thickness ranges from 0.01 to 0.99. See color version of this figure at back of this issue. AAC X -4 the GOME pixel spoiling the comparison of a GOME pixel averaged SYNAER result to the point measurement of AERONET. The validation was conducted with the remaining 14 cases. Here, SYNAER was driven by dark fields over land. The specifications of the 14 test cases are given in Table 1 . All GOME pixels have a size of 80 Â 40 km 2 (except orbit 21548 with large GOME pixels of 320 Â 40 km 2 ). Figure 3 shows the retrieved AOT values at 6 wavelengths (340, 380, 440, 500, 670, and 870 nm) against AERONET measurements. A good agreement with RMS errors of 0.104 at 440 nm and 0.067 at 670 nm for the AOT values can be seen. The spectral agreement of retrieved AOT values at all 6 wavelengths indicates that the retrieval of aerosol mixtures works well. Furthermore, the selected aerosol mixture as listed in the last column of Table 1 is plausible except for the two pixels at Santa Cruz/Bolivia Characteristics of the validation cases (14 from AERONET, 1 airborne), showing the location and time of observation together with numbers of exploited GOME pixels. The last three columns give the results: cloud fraction, retrieved AOT at 550 nm, and retrieved aerosol mixture. AERONET data were acquired through the AERONET website of NASA-GSFC http://aeronet.gsfc.nasa.gov:8080) courtesy of B. Holben/NASA-GSFC.
and Mongu/Zambia. In the case of Santa Cruz, a maritime aerosol mixture is not plausible for a land-locked site, but due to the low aerosol optical thickness value the aerosol type sensitivity is small. In the case of Mongu the dominant aerosol source for that time of the year is biomass burning; desert dust may occur but at other times of the year. In this case (with significant aerosol loading) a close look at the 6 spectral optical thickness values in the validation plot reveals an almost horizontal line, which indicates an incorrect detection of the aerosol type. The GOME surface spectrum shows a bright ground with surface albedo values linearly increasing from 0.05 at 400 nm to 0.13 at 700 nm and even all dark fields selected in the GOME pixel belonging to dark field class 3 and having a surface albedo brighter than 0.06 at 670 nm. This first ground-based validation comprises data from 4 continents (the Americas, Europe, Africa) in several climate zones (latitudes 17 South to 56 North) distributed over 2 years except the winter season with solar elevations ranging from 25 to 60 degrees. The cloud fraction inside the GOME pixels ranged up to 35%.
[15] A second case study was conducted with airborne measurements. During an ERS-2 overpass airborne LIDAR data and particle counter measurements at different heights were collected (upper flight level at 11277m completed at 10:34 UTC) which corresponds to the eastern half of GOME pixel number 767 in orbit 17354 on 15 August 1998 at 10:44 UTC (the flight track is shown in Figure 5 of part 1 of this paper). Due to some cirrus clouds these data could not be exploited in terms of vertical profiles or particle characteristics. Only the aerosol optical thickness could be retrieved from the LIDAR measurements. These results (at the 2 LIDAR wavelengths at 532 and 1064 nm) are included as ''Pfälzer Wald'' in Table 1 and Figure 3 . A very good agreement was found with a GOME pixel averaged AOT at 532 nm of 0.189 and a LIDAR averaged result (which corresponds to the right half of the GOME pixel only) of 0.187. To investigate the capabilities and limitations of the dark field approach, the spatial variability inside a GOME pixel (along the flight track) was compared to LIDAR derived aerosol optical thickness and the SYNAER results from the interpolated AOT mask ( Figure  4) . SYNAER results are given as a dashed line. LIDAR measurements were exploited as averages over each flight track (solid line) and some individual measurements (asterisks) are also shown at the right side (showing the 1-km variability). 1-km LIDAR measurements could only be exploited if no cirrus contamination occurred. A good agreement within 0.05 can be found, especially at the step at the right where individual lidar measurements were exploited and are quite well represented in both data sets. The limitation due to the availability of dark fields is seen at the left part of the flight track A-B (location of dark fields along the flight track is indicated as plus sign in the graph) where the density of dark fields along the path is too low.
Discussion and Conclusions
[16] SYNAER, a new synergetic retrieval method for aerosol optical thickness and type in the boundary layer over land and ocean from GOME and ATSR-2 data, was developed (see part 1 [Holzer and Popp, 2002] ) and applied. It was demonstrated that the combination of a radiometer and a spectrometer can be used to derive aerosol optical thickness over land and ocean and estimate the type of the boundary layer aerosol mixture. The synergetic approach introduces new capabilities for operational aerosol retrieval from space, namely retrieval over land and differentiation of various aerosol types. Also important is the fact that it relies on an accurate cloud detection, which reduces erroneous aerosol detection significantly and enables the exploitation of partly cloud-covered spectrometer pixels.
[17] A first case study validation was performed with GOME cloud fractions up to 35%. This study showed good agreement of retrieved spectral aerosol optical thickness to ground-based sun photometer measurements with an error below 0.1 at 340-870 nm. This good spectral agreement indicates a good selection of the aerosol type. The derived aerosol type is also plausible for the region of the 14 validation stations (with two exceptions: one at Santa Cruz might be due to the low aerosol content of 0.12 in this pixel; and the one in Mongu could indicate difficulties with the dark field detection in this area, especially at this altitude of above 1000 m or limitations of aerosol retrieval in general for bright surfaces). It should be noted, however, that the aerosol optical thickness value at 550 nm (i.e., the total aerosol amount) has been correctly retrieved within the accuracy limits of the method for all 14 stations. Due to a very small number of exploitable ground measurements only 15 case studies (14 with ground-based and one airborne) could be performed so far. The validation of SYNAER results is rather difficult because it means comparing a point measurement from the AERONET sun photometers with an area averaged over 80 Â 40 km 2 . However, the case study validation included pixels with a global distribution over a large part of the year, as well as several types of aerosols, and BLAOT values up to 0.68. So far, the validation focused on retrieval over land (which is one new capability of SYNAER). However, further validation efforts must include observations over ocean and a direct evaluation of the SYNAER selected mixture of aerosols by comparison with in situ observations. Especially, cases such as at Santa Cruz and Mongu must be looked at to define a more robust quality check of the retrieval results.
[18] Due to its experimental components, SYNAER requires further validation and optimization, which will be conducted with ENVISAT data. After future accounting for altitude dependency of the Rayleigh scattering especially in the UV by use of a digital elevation model validation sites higher than 1500 m above sea level must be included. As varying chlorophyll concentration and consecutive absorption in the water are not taken into account, validation over ocean must assess the effects of this simplification. Additionally, the use of more validation measurements (AERO-NET, cross-sensor, cross-methodology) are planned to assess the accuracy of the retrieval of the basic aerosol components. By comparison to other complementary remote sensing aerosol measurements on the one hand an improvement of SYNAER as well as the other methods and on the other hand a better understanding of the global aerosols can be expected.
[19] Using GOME and ATSR-2 the spatial resolution (at least for the aerosol type retrieval from GOME pixels) is too coarse for detecting small-scale variabilities of the aerosol composition; however, the detection of local peaks in aerosol was demonstrated. With SCIAMACHY and AATSR a better spatial correlation (in the entire AATSR swath width of 512 km) with a slightly increased horizontal spectrometer resolution of 60 Â 30 km 2 will be available. SCIAMACHY has a wider spectral range (up to 2400 nm, GOME up to 790 nm), which will enable a better investigation of the aerosol type, especially for large particles, and the additional limb viewing geometry for stratospheric aerosol retrieval. Both instruments offer an improved data transmission rate and allow small SCIAMACHY pixels and orbitwise AATSR data throughout the entire mission. With swath widths of 960 km (GOME/SCIAMACHY) and 512 km (ATSR-2/AATSR), the data basis of SYNAER allows for global coverage about every 6 days. This means that from the satellite observations weekly products are feasible. In order to achieve daily synoptic maps data assimilation schemes will need to be developed -a new task that is currently being taken up by several groups in Europe. SYNAER results will be compared with the respective aerosol model results to eventually develop a suitable operational assimilation scheme for synoptic maps.
[20] Within the setup of a processor for atmospheric value added products, the German Remote Sensing Data Center (DFD) of the German Aerospace Center (DLR) will operationalize the SYNAER method for ENVISAT. The aim is to contribute a satellite based climatology of tropospheric aerosols for 10 years of ERS-2 and ENVISAT data (7/1995 to 6/2005) to improve the understanding of the global temporal-spatial distribution of aerosol loading and its major components. SYNAER could also be adapted to the sensor pair GOME-2/AVHRR, which will be flown for 15 years from 2005 on the 3 METOP platforms. Thus, potentially a 25-year data set can be derived with this method. One particular advantage of SYNAER is that it can be used to extract global aerosol information back to the year 1995. A direct implementation of the SYNAER resulting climatology data set in the global circulation model ECHAM [Rö ckner et al., 1992] is under preparation since the SYNAER data set will follow the characteristics of the ground-based data set GADS (Global Aerosol Data Set) [Köpke et al., 1997] which is currently under implementation in ECHAM. Thus, this data set may easily enable a more detailed treatment of aerosols in climate models. Furthermore, a direct comparison of the ground-based GADS and the satellite derived SYNAER climatologies is possible since both data sets rely on the same set of representative aerosol components from the OPAC database.
[21] Acknowledgments. The results presented in this paper were achieved within the ESA-AO projects PAGODA (AO2.D107-1) and PAGODA-2 (AO3.218), through which the input data (GOME and ATSR-2) were acquired. The adaption of SYNAER to ENVISAT and production of an aerosol climatology will begin in the ESA-ENVISAT-AO project SENECA (AO ID-106). Our thanks go to Brent Holben/NASA-GSFC and the AERONET PIs for providing AERONET validation data and to our colleagues from the Institute for Atmospheric Physics, DLR, F. Petzold and A. Stifter, for the provision and evaluation of airborne LIDAR measurements in the Pfälzer Wald. Figure 1 . SYNAER 3-day map over Europe for 1 -3 September 1995. Retrieved boundary layer optical thickness at 550 nm is shown in the upper part ranging from 0.03 to 0.55. Retrieved percentage contributions of six basic aerosol components (depicted as percentage of the pixel area) are shown in the bottom (IN, insoluble; WA, water-soluble; SO, soot; SA, sea salt accumulation mode; SC, sea salt coarse mode; MT, mineral transported). Cloud-covered GOME pixels above 50% cloud fraction are excluded. Pixels with large fit errors were excluded from both maps by the quality check. The ambiguity test was not applied. AAC X -3 Figure 2 . High-resolution aerosol map over Europe. Aerosol optical thickness at 550 nm for all daytime ATSR-2 frames acquired over Europe during the period 1 -3 September 1995 (corresponding to the simultaneously measured GOME pixels in Figure 1 ) with a 1 km horizontal resolution. This result was achieved as post-processing of the SYNAER result based on GOME and ATSR-2 data shown in Figure 1 . Cloud-covered pixels are left blank. Gaps between the 512 km swath of the ATSR-2 instrument are also left blank. Aerosol optical thickness ranges from 0.01 to 0.99. AAC X -4
